In this paper we investigate weak decays of heavy mesons in the framework of a covariant quark model, which is based on the Bethe-Salpeter equation in instantaneous approximation. Apart from a phenomenological confinement potential, a residual interaction induced by instantons is adopted. Masses and many decay observables of light mesons have already been described successfully in this model [4, 5] . An appropiate extension allows a unified description of light and heavy systems. Using a set of parameters which are fixed by the mass spectra, we evaluate the form factors of semileptonic decays of charmed and bottom mesons. In the heavy quark limit these can be reduced to the Isgur-Wise function, which is calculated. Finally the form factors are used to determine the non-leptonic decay rates of B mesons in the factorization approximation.
I. INTRODUCTION
In the last few years new and improved data on the spectra and the decays of charmed and bottom mesons have become available. The observations of the D * 1 and the radial excited D * ′ and B ′ have been published recently (see [23] and references therein). The dominant semileptonic decays of B, D and D s mesons have been measured with good precision in the meantime, and data for double Cabibbo-suppressed channels are also available. Yet many new results will be provided by the B-factories BaBar, Belle, Hera-B and LHC-B within the next years.
For the theoretical description of these masses and decays various ansätze are pursued. Lattice gauge theory gives good results for the transition form factors for high momentum transfer q 2 , while QCD sum rules are suitable for the low q 2 regime. Heavy quark effective theory (HQET), which is based on a systematic expansion in the inverse mass of the heavy quark, provides some model independent predictions, i.e. approximate degenerated mass doublets according to different orientation of the heavy quark spin, and a connection between the semileptonic partial decay rate of the pseudoscalar and pseudovector decay channels, which has been experimentally confirmed. Unfortunately it can not predict the masses and decay rates itself, and corrections due to the finite quark mass, at least for the charm quark, are expected to be substantial. Hence for a consistent description of meson masses and decays over the full kinematic region, constituent quark models, even if the connection to the underlying theory is not quite clear, are still the most successful tool.
In previous papers we have developed a relativistic constituent quark model for light mesons, which is based on the Bethe-Salpeter equation in instantaneous approximation. Apart from a phenomenological confinement potential we adopt a residual interaction induced by instantons. In this model, a very good description of the light meson masses, from the ground state nonet up to highest angular momenta, has been achieved. Also many decay observables have been calculated in reasonable agreement with the experimental data (see [4] for a recent update). Motivated by this success, the model has been extended for heavy flavours [6] . Thereto we do not apply the One Gluon Exchange, which is known to give a good description of heavy quarkonia and even of the whole meson spectrum with a suitable inclusion of relativistic effects [17] . Instead we generalize the instanton induced interaction in a naive way 1 . This is done in order to keep the model simple and unified: the parametrization of confinement should be valid for all flavours, and only one residual interaction is introduced. Also the question should be raised, when and how the model for light mesons fails, if higher quark and meson masses are involved. It turns out, that heavy-light mesons and, to a certain extent, heavy quarkonia can be described in that way. The resulting spectra together with a brief review of our model are discussed in section II. Knowing the meson amplitudes we then calculate the semileptonic decays without further parameters in section III. This is done in order to test these amplitudes rather than to determine decay rates or CKM matrix elements with high precision. Therefore we concentrate on the dominant processes B → D ( * ) ℓν and on the CKM-favoured decay channels of D and D s mesons. Finally in section IV we investigate non-leptonic decays of B mesons, and section V contains our summary.
II. THE BETHE-SALPETER MODEL
Since the model has been described earlier in greater detail [2, 3] , we will only briefly review the main features. The model is based on the Bethe-Salpeter equation forbound states
for the Bethe-Salpeter amplitude χ P (p) := 0|T ψ(p)ψ(p)|P . Here |P denotes a bound state with mass M and total momentum P , P 2 = M 2 . In our ansatz the full quark propagators S 
, where the constituent quark masses m i are introduced, which are treated as free parameters of the model. Furthermore, the irreducible interaction kernel K is assumed to be instantaneous in the rest frame of the meson, K(P ; p, p
. These assumptions lead to the (full) Salpeter equation
for the Salpeter amplitude Φ( p) := dp 0 2π χ P (p)| P =(M, 0) . Here ω i := p 2 + m 2 i and Λ ± denotes the projector on positive and negative energy solutions of the Dirac equation.
As ansatz for the interaction kernel we apply the sum of a phenomenologically motivated confinement potential and a residual interaction, which is induced by instantons. Confinement is parametrized by a linearly rising potential in configuration space with an adequate Dirac structure, symbolically written as
To estimate the influence of the Dirac structure, two possibilities are taken into account, in the following referred to as model A and model B: a combination of scalar and time-like vector, which has already been discussed in [2, 3] and which is known to minimize spin-orbit splittings, and a chirally invariant combination of scalar, pseudoscalar and vector type, previously investigated by [8] and [9] .
The additional instanton induced residual interaction is based on the work of 't Hooft [10] and Shifman et al. [11] . The effect of QCD instantons on the quarks leads to an effective two body interaction, which can be expressed by the following kernel in momentum space
The strengths of the coupling are collected in the flavour coupling matrix
with flavour indices f i . The originally point like interaction is regularized by the function R Λ , for which a gaussian form is used.
Heavy mesons have been included in this model to achieve a unified description of all mesons. Especially the parametrization of confinement should be universal. As shown in [6] , this is done most successfully by extending the instanton induced residual interaction in a naive way for heavy-light systems. This is done at the level of the interaction kernel eq. (3) by simply allowing f i ∈ {u, d, s, c, b} in (4). It has to be stressed that this extension is purely phenomenologicaly motivated, since the derivation leading to (3) is strictly valid for light quarks only. Also it should be mentioned that this use of the instanton induced interaction allows the mixing of heavy and light flavours in the scalar and pseudoscalar flavour-neutral sectors. This has been investigated in [6] but will be neglected in this paper, since the effect turned out to be very small.
Due to the J = 0 selection rule of the residual interaction, a gradual fit of the model parameters to the light meson masses has been performed as explained in [4] , leading to the parameter sets in table I. The resulting spectra of the isovector mesons are shown in fig.(1) . The Regge trajectory is reproduced excellently in both models. The spectra of the light isoscalars and kaons are of similar quality. In particular the position of η and η ′ can be accounted for. The most significant difference between model A and B are the masses of the scalar mesons, esp. the a 0 (980) in fig.(1) . For a detailed discussion of these spectra we refer to [4] and [5] .
Based on this parameter set the masses of the heavy quarks have been adjusted to the J = 0 heavy mesons. Finally the additional couplings g fifj have been adjusted to reproduce the heavy-light pseudoscalar masses. We want to stress that in this way all heavy mesons except for the pseudoscalar D, D s , B and B s are described by fitting the heavy quark masses only. The resulting spectra are shown in figs. (2) (3) (4) . We find good agreement for the heavy-light mesons in both models with small advantages in model B due to a larger spin-orbit splitting. Also the gross structure of the heavy quarkonia spectra can be reproduced, but fine and hyperfine splittings come out to small. This is due to the missing of a substantial spin-orbit and spin-spin interaction, as provided e.g. by the One Gluon Exchange potential. The radial excitations of the Υ, on the other hand, are excellently reproduced in model B up to the 5s state. Thus we think that we have reached a good overall agreement with the experimental heavy masses and therefore have gained a good estimate for the heavy meson amplitudes. To test these amplitudes further we investigate the semileptonic decays of heavy to light mesons. The relevant current matrix elements are calculated in lowest order after the prescription of Mandelstam [12] . In our formalism this leads in general to
with the vertex function Γ P (p) := S
In the instantaneous approximation the vertex function in the restframe of the meson can be easily reconstructed from the Salpeter amplitude according to
Thus the full 4-dimensional vertex function is known in the rest frame. Formal covariance of our model then allows to calculate the vertex function of any meson on its mass shell, which is essential for the calculation of meson decays.
III. SEMILEPTONIC DECAYS
The effective Lagrangian for the semileptonic decays, e.g. b → c transitions, after integrating out the W boson, has the usual V-A current-current form
with the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V cb . Whereas the matrix elements of the leptonic current can be calculated exactly, those of the vector (V µ ) and axial vector (A µ ) hadronic currents are parametrized by form factors, reflecting the hadronic structure. A common parametrization is [13] for a 0
and a 0
and
where q = P B − P D ( * ) is the momentum transfer and ε the polarization vector of the vector meson. In the limit of vanishing lepton mass only 4 of these 6 form factors contribute to the decay rates, namely f + , V, A 1 and A 2 , since terms proportional to q µ can be neglected. Then the differential decay rates, expressed in terms of these form factors, are
where we have introduced the helicity amplitudes
With regard to the processes B → D ( * ) ℓν, that is the transition between heavy flavours, we want to summarize the predictions of heavy-flavour symmetry. For these transitions, the Heavy Quark Effective Theorie (HQET) provides the appropriate framework. It is based on a systematic expansion in the inverse quark mass and has been worked out by Isgur and Wise [14, 15] . In the limit m Q → ∞ the theory will become independent of the heavy degrees of freedom. For the spectra of heavy hadrons this will lead to degenerated doublets, corresponding to the two possible alignments of the heavy quark spin. Recent experimental results show evidence for this degeneracy in the spectrum of the D mesons [26] . For semileptonic decays HQET predicts a connection between the form factors of 0 − → 0 − and 0 − → 1 − transitions. In particular, in the infinite quark mass limit, the transition matrix elements can be expressed by a single function only, the Isgur-Wise function ξ, which is normalized to unity at maximum recoil.
In this heavy-quark limit it is more natural to express the decay amplitudes in terms of velocities rather than momenta and to introduce the dimensionless variable ω :
) instead of the momentum transfer q 2 . Therefore, a new set of form factors is used [13] , defined by
with
in the infinite quark mass limit. The differential decay rates are given in this framework most conveniently by
with r * = m D * /m B , where the two form factors G and F are functions of h ± and h V , h Ai respectively. This parametrization has the advantage that for m Q → ∞ F and G become equal and coincide with the Isgur-Wise function ξ.
In the following sections our results for semileptonic B and charmed meson decays are compared to the available experimental data and to the results of other models: the relativised constituent quark model of Isgur and Scora (ISGW2 [16] ), the relativistic calculation of Wirbel, Stech and Bauer in the infinite-momentum frame (WSB [19] ) and the relativistic dispersion relation approach of Melikhov and Stech (MS [20] ). Since the experiments are not able to extract form factors from their measurements due to missing statistics, these are usually parametrized according to theoretical predictions. Therefore we find it convenient to parameterize our results in the same way, allowing a comparison with experimental data. The accuracy of these parametrizations is always indicated.
A. Semileptonic decays of B mesons
The decays B → Dℓν ℓ and B → D * ℓν ℓ have been measured by Cleo [25, 24] and, more recently, by Opal [32] and Cleo [28] . Figs. (5) and (6) show our results for the differential decay rate compared to the Cleo data [25, 24] . We find good overall agreement with the experimental data for both decays, using a CKM matrix element of |V cb | = 0.034 ± 0.001 and |V cb | = 0.035 ± 0.001 for model A and B respectively, which has been determined by a χ 2 fit. These values are somewhat smaller than the PDG average of |V cb | = 0.037 to 0.043. The resulting decay rates are
The comparison with the current world average of the Particle Data Group [1] PDG :
as well as the recent data of Cleo [28] and Opal [32] Cleo :
shows satisfying agreement. But the new data tends to higher values of Γ, which would lead to higher values of |V cb | from our calculation.
In table V our results for polarization ratios, defined by
are summarized. In these (|V cb | independent) quantities we find good agreement with the experimental values as well.
We also show the results for the form factor ratios
In the heavy quark limit these ratios are predicted to be constant and equal to unity. In reality, due to corrections to this limit, R 1 and R 2 do depend on ω, but at the scale of the b-quark mass this dependency is expected to be very weak. Therefore these ratios are prefered in the analysis of B → D * ℓν, where they are assumed to be constant, whereas h A1 is approximated by a linear or quadratic function
For our form factors the ω-dependency of R 1/2 is less than 2%, and the mean values are shown in table V. The form factor h A1 can be described by the parametrization (23) G(1) = 1.00 ± 0.07, F (1) = 0.92 ± 0.05.
Finally we have performed the heavy quark limit numerically in our model by scaling the quark masses with a large factor. We find that the form factors then indeed coincide or vanish (see eq. (17)). The resulting universal functioñ ξ, which we identify as the Isgur-Wise function of our model, can be parametrized up to deviations of less than 0.2% and 0.5% for model A and B asξ In particular, we find thatξ is indeed normalised toξ(1) = 1. The ω-dependence is of course model dependent. [19] ). With respect to the ISGW2 [16] predictions it is interesting to note that, whereas the inclusion of relativistic corrections was one of the main incredients in their model to decrease the D → K * decay rate, this problem still exists in our full relativistic calculation.
Apart from the decay rates and the polarization observables, the form factor ratios at zero momentum transfer, defined by
are considered. To extract these ratios from experiment the form factors are usually parametrized by a simple pole ansatz with a pole mass of 2.1 GeV for the vector form factor and 2.5 GeV for the axial form factors. We have performed such a fit to our calculations, which works up to deviations of about 6% for the form factors and of 4% for their ratios, and have extracted the form factor ratios for D meson decays from these parametrizations. The results in table VI show that the axial form factors are generally overrated, while our vector form factor parameters agree with the values extracted from experiment. Thus the failure in the D → K ( * ) decay rate can be traced back to this overestimation of the axial form factors.
In this connection it is interesting to estimate the effect of the full relativistic treatment. To do this we neglect the negative energy or 'lower' components of the Salpeter amplitude when reconstructing the vertex function. This procedure changes the norm of the Salpeter amplitude by a factor of and .|. is the scalar product induced by the Salpeter equation. This shows the importance of the negative energy components for heavy-light mesons. With this reduced vertex function the form factor ratios r V and r 2 are calculated. Hereby we concentrate on model A, since, as has been discussed in [5] , the positive and negative energy components of the Salpeter amplitude decouple in the non-relativistic reduction of the Salpeter equation. We find that these ratios slightly rize: r V changes from 1.48 to 1.55, r 2 goes from 0.78 up to 0.84 2 , while the q 2 dependence is hardly changed. Thus the modification of a form factors by the full relativistic treatment seems to be more complex than the intuitive correction anticipated in [16] .
The results on the semileptonic decays D s → η and D s → η ′ are shown in table VII. Here it has to be stressed that the flavour mixing of η and η ′ had already been fixed by the mass fit. No additional mixing parameter is necessary. Although the differences between the results of our two models are rather large, the experimental data do not allow to prefer one of our parameter sets.
Our results on D s → φ show the same behaviour as those on D → K * : While the decay rate is overestimated by a factor of 2, the polarization observable is in good agreement with the experimental data and the form factor ratio r V tends to be too small. Concerning the ratio of axial form factors it is interesting to note that the experimental value of r 2 is 4 standard deviations higher than the corresponding value for D → K * , which is in contradiction to an (approximate) flavour SU (3) symmetry. This result, if it should be confirmed, is clearly a challenge for any theoretical description.
Finally, to conclude the discussion of charmed meson decays, we report our results on the Cabibbo suppressed process c → d in tables VIII-X. The form factors again have been parametrized by a pole ansatz with pole masses of 2.0 GeV and 2.4 GeV for the vector and axial form factors respectively, which works up to deviations of 8% for A 1 (0) and 5% for the ratios. The current experimental situation however allows no evaluation of our description of these decays.
Thus in summary we find excellent agreement in the description of heavy to heavy transitions B → D ( * ) over the whole kinematic regime. We find also consistency with the description of these processes in the framework of the HQET. The results on heavy to light transitions are mostly in agreement with the experimental data, but the common problem of quark models to overestimate the axial form factors is also present here.
IV. NON-LEPTONIC WEAK DECAYS
To extract further information from our meson amplitudes we finally investigate non-leptonic decays. On tree level, non-leptonic decays are mediated by a single W-boson emission. Hard and soft gluonic effects however might play a significant role in these processes. These corrections have been calculated with great effort in the last years in order to extract model independent Cabibbo-Kobayashi-Maskawa matrix elements or signatures for CP violation in B decays from experimental data. Thereby the hard and soft gluon contributions are separated by a Wilson operator product expansion, which results in the effective Lagrangian, e.g. for B → Dπ transitions,
with (cλ Thus the matrix element of a product of currents has to be evaluated. This is usually done using the "factorization approximation", where one assumes that the amplitude is dominated by its factorizable part. Then it is given by the product of two current matrix elements, e.g. for the transition B
In this way the decay amplitude can be expressed by the decay constant and a form factor of the semileptonic decay at the relevant q 2 , e.g.
with the decay constants 0|J
It should be noted that the relevant form factors are F 0 and A 0 , which are unimportant for semileptonic decays due to the smallness of the lepton mass. Hence nonleptonic decays offer a possibility to access the remaining semileptonic form factors, at least within the framework of the factorization approximation. The factorization assumption has been proven recently at two loop order [18] for a special class of decays.
In this approach, however, the resulting amplitudes are scale dependent due to the µ-dependence of the Wilson coefficients, which is not canceled by the scale independent matrix elements. To deal with this difficulty the coefficients a 1 and a 2 are often treated as effective and free parameters, corresponding to some factorization scale, to be extracted from the data. But since we are interested in an estimate of the quality of our form factors, we find it sufficient to neglect all strong gluonic effects, which results in C 1 = 1, C 2 = 0 ≡ a 1 = 1, a 2 = ≈ f D (s) , which is valid in the heavy quark limit. Deviations from this limit are expected to be about 10-20% [22] . The relevant CKM-matrix elements are taken from [1] except for V cb where we use the fit results from section III A.
Our results for non-leptonic B-decays are shown in table XII, compared with the experimental data from [1] as well as the calculation of Neubert et al. [22] . We find good agreement with the data available so far for both our models; and for those decays, which are not measured yet, our results are comparable with [22] .
In order to stress the influence of our form factors we show the ratios of decay rates (in which the decay constants as well as the coefficient a 1 cancel) in table XI. We also find good agreement with the experimental data, however the errors are quite large.
V. SUMMARY
In this paper we have calculated the masses and the exclusive semileptonic and non-leptonic decays of heavy mesons in a constituent quark model based on the Bethe-Salpeter equation in instantaneous approximation. Apart from a linear confinement potential with two different phenomenological Dirac structures, a flavour dependent residual interaction motivated by instanton effects is adopted, which has been naively generalized to heavy flavours. Thus extending a very good description of light mesons, which has recently been updated in [4] , we also find good overall agreement with the data on heavy meson masses.
The resulting meson amplitudes are used to calculate semileptonic decay rates. We find excellent agreement in the description of heavy to heavy transitions B → D ( * ) over the whole kinematic regime. Our results are also consistent with the description of these processes in the framework of the HQET. The results on heavy to light transitions are mostly in agreement with the experimental data, but the common problem of quark models to overestimate the axial form factors is also found here.
Finally non-leptonic decays have then been calculated in the approximation of factorizing matrix elements. In spite of this simple picture we find good agreement with the experimental results on B meson decays. [1] . Errors are indicated by shadowed boxes. The levels marked with † are taken from [26] . The left and right columns show our results with model A and B, respectively. Note that the 1 + states are twofold degenerated in our calculation corresponding to the total spin S = 0 and S = 1. Spin structure . We use |Vcs| = 0.975, |V ud | = 0.975, |Vus| = 0.223 [1] and |V cb | = 0.034 (A) resp. |V cb | = 0.035 (B), as described in section III A. The results of [22] have been adapted to the decay constants used in our calculation.
